Antigen-specific cancer immunotherapy and antiangiogenesis have emerged as two attractive strategies for cancer treatment. An innovative approach that combines both mechanisms will likely generate the most potent antitumor effect. We tested this approach using calreticulin (CRT), which has demonstrated the ability to enhance MHC class I presentation and exhibit an antiangiogenic effect. We explored the linkage of CRT to a model tumor antigen, human papilloma virus type-16 (HPV-16) E7, for the development of a DNA vaccine. We found that C57BL/6 mice vaccinated intradermally with CRT/E7 DNA exhibited a dramatic increase in E7-specific CD8 + T cell precursors and an impressive antitumor effect against E7-expressing tumors compared with mice vaccinated with wild-type E7 DNA or CRT DNA. Vaccination of CD4/CD8 double-depleted C57BL/6 mice and immunocompromised (BALB/c nu/nu) mice with CRT/E7 DNA or CRT DNA generated significant reduction of lung tumor nodules compared with wild-type E7 DNA, suggesting that antiangiogenesis may have contributed to the antitumor effect. Examination of microvessel density in lung tumor nodules and an in vivo angiogenesis assay further confirmed the antiangiogenic effect generated by CRT/E7 and CRT. Thus, cancer therapy using CRT linked to a tumor antigen holds promise for treating tumors by combining antigen-specific immunotherapy and antiangiogenesis.
Introduction
The ideal cancer treatment should be able to eradicate systemic tumors at multiple sites in the body while having the specificity to discriminate between neoplastic and nonneoplastic cells. In this regard, antigen-specific cancer immunotherapy and antiangiogenesis represent two attractive approaches for cancer treatment. Activation of antigen-specific T cell-mediated immune responses allows for killing of tumors associated with a specific antigen (1, 2) while inhibition of angiogenesis controls neoplastic growth by sequestering neoplastic cells from an adequate blood supply (3, 4) . Therefore, an innovative approach that combines both mechanisms will likely generate the most potent antitumor effect.
The use of calreticulin (CRT) represents a feasible approach for enhancing tumor-specific T cell-mediated immune responses and generating an antiangiogenic effect. CRT is an abundant 46 kDa Ca 2+ -binding protein located in the endoplasmic reticulum (ER) (5) . CRT is considered to be related to the family of heat shock proteins (HSPs) (6, 7) . The protein has been shown to associate with peptides delivered into the ER by transporters associated with antigen processing (TAP-1 and TAP-2) (8) and with MHC class I-β2 microglobulin molecules to aid in antigen presentation (9) . Previous studies have shown that CRT can be complexed with peptides in vitro to elicit peptide-specific CD8 + T cell responses through exogenous administration (7) . In addition, peptide-bound CRT purified from tumor extracts has been shown to elicit an antitumor effect specific to the source tumor (7) . These data indicate that cancer vaccines employing CRT can potentially enhance tumor-specific immune responses.
Tumor growth and metastasis formation is dependent on the existence of an adequate blood supply. As neoplasms grow larger, adequate blood supply to the tumor tissue is often ensured by new vessel formation, a process termed angiogenesis. Therapeutic agents that target tumor vasculature may prevent or delay tumor growth and even promote tumor regression or dormancy (4, 10) . Recently, CRT and its protein fragment (aa 1-180), vasostatin, have been reported to be endothelial cell inhibitors of tumor growth (11, 12) . Therefore, cancer vaccines employing CRT may poten-tially generate antitumor effects through enhanced antitumor immune responses and antiangiogenic effects. We investigated the novel use of CRT chimerically linked to a model antigen (HPV-16 E7) for the treatment of tumors through the combination of antigen-specific immunotherapy and antiangiogenesis.
Methods
Plasmid DNA constructs and preparation. The generation of pcDNA3-E7, pcDNA3-green fluorescent protein (pcDNA3-GFP), and pcDNA3-E7/GFP has been described previously (13) . For the generation of pcDNA3-CRT, CRT was first amplified with PCR using rabbit CRT cDNA as the template (14) and a set of primers, 5′-CCGGTCTAGAATGCTGCTCCCTGTGCCGCT-3′ and 5′-CCGGGAATTCCAGCTCGTCCTTGGCCTGGC-3′. There is more than 90% homology between rabbit, human, mouse, and rat CRT (14) . The amplified product was then cloned into the XbaI/EcoRI sites of pcDNA3 vector (Invitrogen Corp., Carlsbad, California, USA). For the generation of pcDNA3-CRT/E7, E7 was first amplified with a set of primers, 5′-ggggaattcatggagatacaccta-3′ and 5′-ggtggatccttgagaacagatgg-3′, and cloned into the EcoRI/BamHI sites of pcDNA3-CRT to generate pcDNA3-CRT/E7. To generate pcDNA3-CRT/E7/GFP, the CRT DNA fragment was isolated from pcDNA3-CRT and cloned into XbaI/EcoRI sites of pcDNA3-E7/GFP. Plasmid constructs were confirmed by DNA sequencing.
Transfection of 293 D b ,K b cells and confocal fluorescence microscopy. E7/GFP or CRT/E7/GFP DNA were transfected into 293 D b ,K b cells, stained with mouse anticalnexin mAb (StressGen Biotechnologies Corp., Victoria, British Columbia, Canada) followed by Cy3-conjugated F(ab′) 2 fragment goat anti-mouse IgG (Jackson ImmunoReseach Laboratories Inc., West Grove, Pennsylvania, USA), and examined under a confocal laser scanning microscope using a protocol described previously (15) .
DNA vaccination. Preparation of DNA-coated gold particles and gene gun particle-mediated DNA vaccination were performed using a helium-driven gene gun (BioRad Laboratories Inc., Hercules, California, USA) according to a protocol described previously (16) . Control plasmid, E7, CRT, or CRT/E7 DNA-coated gold particles were delivered to the shaved abdominal region of mice using a helium-driven gene gun (BioRad Laboratories Inc.) with a discharge pressure of 400 psi.
Intracellular cytokine staining and flow cytometry analysis. Mice were immunized with 2 µg of the various DNA vaccines and received a booster with the same regimen 1 week later. Splenocytes were harvested 1 week after the last vaccination. Before intracellular cytokine staining, 3.5 × 10 5 pooled splenocytes from each vaccination group were incubated for 16 hours with either 1 µg/ml of E7 peptide (aa 49-57) containing an MHC class I epitope (17) for detecting E7-specific CD8 + T cell precursors or 10 µg/ml of E7 peptide (aa 30-67) containing an MHC class II epitope (18) for detecting E7-specific CD4 + T cell precursors. Cell surface marker staining of CD8 or CD4 and intracellular cytokine staining for IFN-γ and IL-4, as well as flow cytometry analysis, were performed using conditions described previously (16) .
ELISA. The presence of anti-HPV 16 E7 Ab's in the sera was characterized by a direct ELISA as described previously (19) . Mice were immunized with 2 µg of the various DNA vaccines and received a booster with the same regimen 1 week later. Sera were prepared from mice on day 14 after immunization. The ELISA plate was read with a standard ELISA reader at 450 nm.
For the detection of CRT or CRT/E7 protein concentration in the sera of vaccinated mice, we performed an indirect ELISA using a protocol similar to one described previously (20) . Briefly, mice were immunized with 16 µg of CRT or CRT/E7 DNA and received a booster with the same regimen 1 week later. Sera were collected 3, 7, 11, 14, and 18 days after the last immunization. Sera were then serially diluted in PBS, coated in a 96-microwell plate, and incubated at 4°C overnight. The wells were then blocked with PBS containing 20% FBS. After washing with PBS containing 0.05% Tween-20, the plate was incubated with a 1:1,000 dilution of rabbit anti-CRT Ab (StressGen Biotechnologies Corp.) for 2 hours at 37°C. The plate was further incubated with 1:1,000 dilution of a peroxidase-conjugated donkey anti-rabbit IgG Ab (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) at room temperature for 1 hour. The plate was washed, developed with 1-Step Turbo TMB-ELISA (Pierce Chemical Co., Rockford, Illinois, USA), and stopped with 1 M H 2 SO 4 . The concentration of CRT or CRT/E7 protein was determined by comparison to a standard curve of purified recombinant CRT protein from bacteria. formed using freshly isolated dendritic cells (DCs) pulsed with cell lysates as target cells and D b -restricted E7-specific CD8 + T cells as effector cells using a protocol similar to one described previously (15) . The protein concentration of lysates was determined using the BioRad protein assay (BioRad Laboratories Inc.) according to vendor's protocol, and the amount of E7 protein was checked using a standard ELISA (20) . Cell lysates from E7 or CRT/E7 DNA-transfected 293 D b ,K b cells were standardized for E7 protein concentration. DCs were prepared by pulsing with different concentrations of cell lysates of various DNA-transfected 293 D b ,K b cells (50 µg/ml, 10 µg/ml, 2 µg/ml, and 0.4 µg/ml) in a final volume of 2 ml for 16-20 hours. CTL assays were performed at a fixed E/T ratio of 9:1 using 9 × 10 4 E7-specific T cells mixed with 1 × 10 4 prepared DCs in a final volume of 200 µl. Cytolysis was determined by quantitative measurements of LDH as described earlier.
In vivo tumor protection experiments. For the tumor protection experiment, C57BL/6 mice (five per group) either received no vaccination or were immunized with 2 µg/mouse of plasmid without insert, CRT, E7, CRT/E7, or CRT mixed with E7 (CRT + E7) DNA with a gene gun. One week later, mice were boosted with the same regimen as the first vaccination. One week after the last vaccination, mice were subcutaneously challenged with 5 × l0 4 TC-1 cells/mouse in the right leg. Mice were monitored for evidence of tumor growth by palpation and inspection twice a week until they were sacrificed at day 60.
In vivo Ab depletion experiments. In vivo Ab depletions were performed as described previously (22) . Briefly, C57BL/6 mice (five per group) were vaccinated with 2 µg/mouse of CRT/E7 DNA with a gene gun, boosted 1 week later, and challenged with 5 × l0 4 cells/mouse TC-1 tumor cells. Depletion was started 1 week before tumor challenge. The mAb GK1.5 was used for CD4 depletion, mAb 2.43 was used for CD8 depletion, and mAb PK136 was used for NK1.1 depletion. Depletion was terminated on day 40 after tumor challenge.
In vivo tumor treatment experiments. In vivo tumor treatment experiments were performed using a previously described lung hematogenous spread model (23) . C57BL/6 mice or nude (BALB/c nu/nu) mice (five per group) were challenged with l0 4 cells/mouse TC-1 tumor cells via tail vein. Two days after tumor challenge, mice received 16 µg/mouse of CRT DNA, E7 DNA, CRT mixed with E7 DNA, or CRT/E7 DNA by a gene gun, followed by a booster with the same regimen every 7 days for 3 weeks (a total of four shots, 64 µg DNA). Mice receiving no vaccination were used as a negative control. Mice were sacrificed and lungs were explanted on day 28. The pulmonary tumor nodules in each mouse were evaluated and counted by experimenters blinded to sample identity.
We also performed an in vivo tumor treatment experiment in the various DNA-treated mice depleted of both CD4 + and CD8 + T cells using a protocol similar to one described previously (20) . Double depletion was started 1 week before tumor challenge using mAb GK1.5 for CD4 depletion and mAb 2.43 for CD8 depletion. Depletion was continued until mice were sacrificed on day 28. Lung tumor nodules were counted as described above. The completeness of depletion was confirmed by flow cytometry analysis (22) .
Immunohistochemical labeling for the quantitation of microvessel density. Labeling of intratumoral microvessels was performed with rat anti-mouse CD31 mAb (1:25 dilution; PharMingen), followed by biotinylated goat anti-rat Ab (1:100 dilution; Jackson ImmunoReseach Laboratories Inc.) and streptavidin-conjugated horseradish peroxidase (DAKO Corp., Carpinteria, California, USA) using a protocol previously described (24) . The method for quantitating microvessel density (MVD) has also been described previously (25) . Briefly, slides were prepared and examined at ×40 and ×100. In each section, the three most vascularized areas were chosen. Microvessel counts were obtained at ×200 and the mean number in the three fields for each tumor was calculated and referred to as the MVD count. Large vessels with thick muscular walls and lumina greater than approximately eight blood cells were excluded from the count. We counted and compared MVD in tumors of similar size to minimize the influence of tumor size on the measurements (since smaller tumor nodules tend to have smaller MVD). All measurements were performed by a single pathologist blinded to sample identity.
In vivo angiogenesis assay using Matrigel. In vivo angiogenesis was assessed using the Matrigel plug assay with a protocol similar to that described previously (26, 27) . Mice were immunized with 16 µg of plasmid without insert, wild-type E7, CRT, or CRT/E7 DNA on day 0 and received a booster with the same regimen on day 7. Matrigel (Becton Dickinson and Co., Franklin Lakes, New Jersey, USA) was mixed with heparin (final concentration of 50 U/ml) and bFGF (final concentration of 10 ng/ml) at 4°C. A total of 0.5 ml/mouse of this Matrigel mixture was injected subcutaneously into the abdominal midline of DNA-vaccinated mice on day 7. Naive mice injected with Matrigel mixed with heparin and bFGF served as a positive control; naive mice injected with Matrigel alone were used as a negative control. Mice were euthanized on day 16. The Matrigel plugs were resected from surrounding connective tissues. Half of the Matrigel plugs were fixed in 10% formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin or Giemsa stains to calculate microvessel density. In each section, the five most vascular areas were chosen. Microvessel counts were obtained at ×400, and the mean number in the five fields for the Matrigel plugs was calculated and referred to as the MVD count. The remaining half of the Matrigel plugs were assayed for hemoglobin content according to manufacturer's instructions (Drabkin's reagent kit; Sigma Diagnostics Co., St. Louis, Missouri, USA).
Results

Confocal fluorescent microscopic examination reveals that the linkage of CRT to E7 targets the antigen to the ER.
We have characterized the expression of E7 in the lysates and supernatant from cells transfected with wild-type E7 or CRT/E7 DNA by Western blot analysis (data not shown). Analysis of supernatants from cell cultures revealed that protein was secreted from cells transfected with CRT/E7 DNA but not from E7-transfected cells. Previous studies have demonstrated that CRT may aid in antigen presentation by associating with peptides delivered into the ER by TAP-1 and TAP-2 (8) and with MHC class I-β2m (9) . To determine whether linkage to CRT affected the subcellular localization of E7, we linked the GFP gene to the 3′ end of the E7 gene or the chimeric CRT/E7 gene in the pcDNA3 vector. Transfection and subsequent examination with a confocal fluorescent microscope revealed that cells transfected with E7/GFP DNA showed homogeneous cytoplasmic/nuclear distribution (Figure 1b) , while cells transfected with the CRT/E7/GFP DNA construct displayed a network pattern consistent with ER localization (Figure 1e ). To confirm that the CRT/E7/GFP chimera had in fact been distributed to the ER, we performed immunofluorescent staining of cells transfected with either E7/GFP or CRT/E7/GFP using an Ab against calnexin ( Figure 1 , a and d), a well-characterized marker for the ER. As shown in Figure 1 , c and f, colocalization with the calnexin protein was observed in cells transfected with CRT/E7/GFP but not in cells transfected with E7/GFP, indicating that the fusion of CRT to E7/GFP facilitated the entry of the protein into the ER. could enhance E7-specific T cell-mediated immune responses in mice, we performed intracellular cytokine staining with flow cytometry analysis to characterize E7-specific CD8 + and CD4 + T cell precursors. As shown in Figure 2a , vaccination with CRT/E7 DNA generated the highest frequency of E7-specific IFN-γ-secreting CD8 + T cell precursors (204/3.5 × 10 5 splenocytes) compared with mice vaccinated with E7 DNA (18/3.5 × 10 5 splenocytes) (P < 0.01). In contrast, DNA encoding E7 fused with irrelevant protein such as GFP did not demonstrate specific enhancement of E7-specific CD8 + T cell precursors (data not shown). These results also indicated that the fusion of CRT to E7 was required for enhancement of CD8 + T cell activity, since CRT DNA mixed with E7 DNA did not generate enhancement of CD8 + T cell activity. We observed no increase in the number of E7-specific IFN-γ-secreting or IL-4-secreting CD4 + T cells in mice vaccinated with CRT/E7 DNA compared with mice vaccinated with control plasmid, E7, CRT, or CRT+E7 DNA (Figure 2, b and c) . As shown in Figure 2d , vaccination with CRT/E7 DNA generated significantly higher titers of anti-E7 Ab's in the sera of mice compared with the other vaccinated groups (P < 0.01). (28) and have a stable high transfection efficiency (up to 80%). As shown in Figure 3a , 293 D b ,K b cells transfected with CRT/E7 DNA generated significantly higher percentages of specific lysis at the 9:1 (20.5% ± 1.0% vs. 10.43% ± 0.9 %, P < 0.001) and 27:1 (47.1% ± 5.5% vs. 15.1% ± 3.0%, P < 0.001) E/T ratios compared with mice vaccinated with wildtype E7 DNA. Our results suggested that cells transfected with CRT/E7 DNA were capable of directly presenting E7 antigen through the MHC class I pathway to CD8 + T cells more efficiently than cells transfected with wild-type E7 DNA.
Vaccination with CRT/E7 DNA significantly enhances E7-specific CD8 + T cell-mediated immune responses and E7-specific Ab responses. To determine if CRT/E7 DNA
Another potential mechanism for the observed enhancement of E7-specific CD8 + T cell immune responses in vivo is the so-called "cross-priming" effect (29) , whereby CRT/E7 protein released from cells may be taken up and processed by other antigenpresenting cells (APCs) via the MHC class I-restricted pathway. We performed CTL assays to characterize MHC class I presentation of E7 in DCs that have taken up exogenous protein. This was modeled by Vaccination with CRT/E7 DNA enhances tumor protection in mice challenged with an E7-expressing tumor cell line. To determine if the observed enhancement in E7-specific CD8 + T cell-mediated immunity translated to a significant E7-specific antitumor effect, we performed an in vivo tumor protection experiment using a previously characterized E7-expressing tumor model, TC-1 (22) . As shown in Figure 4a , 100% of mice receiving CRT/E7 DNA vaccination remained tumor-free 60 days after TC-1 challenge. In contrast, all of the unvaccinated mice and mice receiving plasmid without insert, CRT, or E7 DNA developed tumors within 15 days after tumor challenge. Furthermore, mice vaccinated with DNA encoding E7 fused with irrelevant protein such as GFP did not show a significant antitumor effect (data not shown). Our results also indicated that the fusion of CRT to E7 was required for antitumor immunity, since CRT mixed with E7 (CRT + E7 DNA) did not generate significant enhancement of antitumor immunity.
CD8 + T cells but not CD4 + T cells or natural killer cells are essential for the antitumor effect generated by CRT/E7 DNA.
To determine the subset of lymphocytes important for the antitumor effect, we performed in vivo Ab depletion experiments (22) . As shown in Figure 4b , all naive mice and all mice depleted of CD8 + T cells grew tumors within 15 days after tumor challenge. In contrast, all of the nondepleted mice and all of the mice depleted of CD4 + T cells or NK1.1 cells remained tumor-free 60 days after tumor challenge. These results suggested that CD8 + T cells are important for the antitumor immunity generated by the CRT/E7 DNA vaccine.
Treatment with CRT/E7 leads to significant reduction of pulmonary tumor nodules in C57BL/6 mice. The therapeutic potential of each vaccine was assessed by performing an in vivo tumor treatment experiment using a previously described lung hematogenous spread model (23) . As shown in Figure 5a , C57BL/6 mice treated with CRT/E7 DNA exhibited the lowest mean number of pulmonary tumor nodules (0.2 ± 0.4), significantly lower than mice treated with CRT DNA (9.8 ± 2.3) or wild-type E7 DNA (51.4 ± 3.7) (one-way ANOVA, P < 0.001). These data indicated that CRT/E7 DNA generated the most potent antitumor effect compared with CRT or wild-type E7 DNA constructs in the lung hematogenous spread model. We also found that fusion of CRT to E7 was important to the antitumor effect since vaccination with CRT mixed with E7 (CRT + E7) did not generate as robust an effect (15.0 ± 2.6 tumor nodules) as vaccination with CRT/E7 (0.2 ± 0.4 tumor nodules). Interestingly, treatment with wild-type CRT DNA also resulted in significantly fewer tumor nodules than treatment with wild-type E7 DNA or no treatment (one-way ANOVA, P < 0.001).
Reduction of pulmonary tumor nodules in CRT or CRT/E7 DNA-treated C57BL/6 mice that are depleted of both CD4 + and CD8 + T cells. We observed that CRT alone generated a therapeutic effect against TC-1 tumors (Figure 5a ). Since wild-type CRT does not contain E7, we reasoned that the therapeutic effect of wild-type CRT was likely not related to T cell-mediated immune responses, but rather was mediated by T cell-independent mechanisms such as antiangiogenesis. To evaluate the role of CRT/E7 and CRT DNA in the treatment of TC-1 tumors in the lungs without the involvement of T cells, we used C57BL/6 mice depleted of both CD4 + and CD8 + T cells for in vivo tumor treatment experiments. Our results revealed that double-depleted mice treated with CRT/E7 DNA or CRT DNA exhibited significantly fewer pulmonary tumor nodules (10.2 ± 3.7 for CRT, 10.4 ± 4.9 for CRT/E7) than naive mice (67.6 ± 7.3), or mice receiving pcDNA3 without insert (75.8 ± 11.1) (Figure 5b ). There was no significant difference in the number of pulmonary nodules in double-depleted mice treated with either CRT/E7 DNA or CRT DNA. Taken together, these data indicate that CRT and CRT/E7 DNA are able to generate an antitumor effect independent of T cell-mediated immune responses. We reasoned that the therapeutic effect observed with CRTcontaining vaccines may be related to antiangiogenesis.
Reduction of pulmonary tumor nodules in nude mice challenged with TC-1 and treated with CRT or chimeric CRT/E7
674
The 
DNA vaccines.
To further confirm that treatment with CRT or CRT/E7 DNA could generate a T cell-independent anti-tumor effect, we performed an in vivo tumor treatment experiment using immunocompromised (BALB/c nu/nu) mice. As shown in Figure 6a , nude mice treated with CRT or CRT/E7 DNA displayed a significantly lower mean number of pulmonary tumor nodules (6.0 ± 2.8 for CRT, 2.5 ± 0.7 for CRT/E7) compared with mice treated with wildtype E7 DNA (36.0 ± 2.8), plasmid without insert (35.5 ± 12.0), or naive group (47.5 ± 2.1) (one-way ANOVA, P < 0.001). Interestingly, nude mice treated with CRT/E7 DNA exhibited a slightly greater antitumor effect than nude mice treated with CRT DNA. Representative gross photographs of the pulmonary tumors are shown in Figure 6b . These data support the results in Figure 5b that CRT and CRT/E7 DNA are able to generate an antitumor effect even in the absence of T cell-mediated immune responses. Reduction in microvessel density of tumors in nude mice challenged with TC-1 and treated with CRT or chimeric CRT/E7 DNA vaccines. To determine whether the antitumor effect of CRT and CRT/E7 DNA in the absence of T cells might be mediated through antiangiogenesis, we measured MVD in the pulmonary tumors of nude mice treated with various DNA vaccines. As shown in Figure 7a , treatment of nude mice with either CRT or CRT/E7 DNA resulted in significantly lower MVD in pulmonary tumors than treatment with wild-type E7 or plasmid without insert (one-way ANOVA, P < 0.001). MVD in pulmonary tumors was slightly lower in nude mice treated with CRT/E7 DNA than in nude mice treated with CRT DNA. Representative photographs of immunohistochemical labeling of sections from lung nodules obtained from different vaccinated nude mice are shown in Figure 7b .
In vivo antiangiogenesis in mice treated with CRT or CRT/E7 DNA. To provide a more quantitative assessment of antiangiogenesis in C57BL/6 mice treated with the various DNA constructs, we performed an in vivo angiogenesis assay using a Matrigel assay (26) . As shown in Figure 8a , the hemoglobin content of Matrigel implants from CRT and CRT/E7 DNA-treated mice was significantly lower than it was in control and E7 DNA-treated mice (P < 0.01, ANOVA). There was no statistically significant difference in hemoglobin content between CRT and CRT/E7 Matrigel samples. This assay revealed that CRT or CRT/E7 DNA could generate a similar degree of inhibition of bFGF-induced in vivo angiogenesis. We also examined the MVD of Matrigel samples to provide another measure of angiogenesis inhibition since red blood cells may extravasate from vessels and affect the hemoglobin count. The mean MVD in Matrigel samples from CRT (11.4 ± 0.9) and CRT/E7 (11.6 ± 1.1) DNAtreated mice was similar and significantly lower than the MVD in Matrigel samples from pcDNA3 without insert (40.0 ± 2.3) or wild-type E7 (39.6 ± 3.3) DNA-treated mice (Figure 8b ). Representative sections of Matrigel samples after Giemsa staining are shown in Figure 8c . We also determined the serum concentration of CRT or CRT/E7 protein in mice treated with CRT or CRT/E7 DNA. We found that the peak serum concentration of both CRT and CRT/E7 protein was approximately 15 ng/ml on day 11 after the last vaccination, while CRT protein was undetectable in mice without vaccination (data not shown). Taken together, these results demonstrate that treatment of mice with CRT or CRT/E7 DNA can lead to systemic release of CRT or CRT/E7 protein and inhibition of angiogenesis.
Discussion
In this study, we demonstrated that linkage of HPV-16 E7 antigen to CRT can significantly enhance the potency of an E7-expressing DNA vaccine. CRT/E7 DNA elicited strong E7-specific CD8 + T cell immune responses, generated a significant CD8 + T cell-dependent protective effect against subcutaneous HPV-16 E7-expressing tumors, and was useful in the treatment of lethal pulmonary tumor nodules. Furthermore, the CRT/E7 DNA vaccine also generated a therapeutic effect due to inhibition of angiogenesis, which likely contributed to reduction of pulmonary tumor nodules. Thus, DNA vaccines encoding CRT chimerically linked to a tumor antigen represent a unique approach that combines immunological and antiangiogenic approaches for the generation of a potent antitumor effect.
Our data demonstrated that mice vaccinated with CRT/E7 DNA exhibited enhanced E7-specific CD8 + T cell responses. One of the possible mechanisms for this enhancement is the chaperone effect of CRT, which may enhance MHC class I presentation of E7. Several studies have indicated that ER targeting may be capable of enhancing antigen-specific MHC class I-restricted CTL activity (30) (31) (32) (33) . Since ballistic DNA delivery can introduce DNA directly into dermal professional APCs, CRT/E7 DNA-transfected APCs may directly enhance the presentation of E7 through the MHC class I pathway to CD8 + T cells and contribute to the generation of E7-specific CD8 + T cell precursors in vivo. Another mechanism that may play a role in the enhancement of E7-specific CD8 + T cell immune responses in vivo is the so-called "cross-priming" effect, whereby secretion of CRT/E7 protein or lysis of cells expressing CRT/E7 antigen releases the chimeric protein exogenously to be taken up and processed by other APCs via the MHC class I-restricted pathway (29, (34) (35) (36) (37) . One recent study found that CD91, an α2 macroglobulin receptor, serves as a receptor for heat shock proteins (HSPs), including CRT, gp96, HSP70, and HSP90 (38) . Peptides that are complexed with these HSPs can be taken up by macrophages and dendritic cells and presented on MHC class I molecules. These mechanisms may provide an explanation for the observed enhancement of E7-specific CD8 + T cell activity in mice vaccinated with CRT/E7 DNA.
We observed that E7-specific Ab titers were significantly enhanced by CRT/E7 vaccination, despite lack of enhancement of E7-specific CD4 + T helper cells. Although the mechanism for enhancement of Ab responses is not clear, we cannot exclude the possibility that there were T helper cells generated against CRT. Even though Ab-mediated responses have not been shown to play an important role in controlling HPVassociated malignancies, antigen-specific Ab's are significant in other tumor models such as the breast cancer model with the HER-2/neu antigen. The chimeric CRT
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The vaccine strategy may be used to generate HER-2/neu-specific Ab's. HER-2/neu-specific Ab's have been shown to induce growth arrest in cells expressing high levels of HER-2/neu on the cell surface (39) . We observed that treatment of CD4/CD8 doubledepleted C57BL/6 mice with CRT/E7 or CRT DNA generated comparable T cell-independent antitumor effects. Meanwhile, tumor treatment experiments and examination of microvessel density in nude mice revealed that CRT/E7 DNA generated a stronger effect than CRT DNA. This observation may be related to the different genetic backgrounds of the mice (C57BL/6 vs. BALB/c nu/nu). For example, the production and effects of cytokines or chemokines may vary in mice of different genetic backgrounds, which is significant since these molecules have been shown to affect tumor growth and angiogenesis (for review, see refs. 40, 41) . Also, there may be differences in the activity of non-T cell effectors (i.e., natural killer cells, neutrophils, and macrophages) in these mice; such effector cells may affect the antitumor effect and angiogenesis. Variations in these characteristics may contribute to the differences observed in C57BL/6 mice depleted of both CD4 + and CD8 + T cells and BALB/c nu/nu mice treated with the CRT/E7 or CRT DNA vaccines. It would be interesting in the future to investigate characteristics of cytokine production and non-T cell effectors related to vaccination with CRT/E7 DNA versus CRT DNA and examine their role in the antitumor effect and antiangiogenesis.
The encouraging results from this study suggest that gene therapy using naked DNA expressing other inhibitors of angiogenesis may also lead to a therapeutic antitumor effect. Several agents that target tumor vasculature have been shown to prevent or delay tumor growth and even promote tumor regression or dormancy. These agents may thus be useful in gene therapy applications. For example, angiostatin, a fragment of plasminogen (42) , and endostatin, a fragment of collagen XVIII (43) , have been shown to suppress neovascularization and inhibit the growth of a variety of experimental tumors. IFN-γ (44), the IFN-γ inducible protein-10 (45), IL-12 (27, 46, 47) , a fragment of prolactin (48) , thrombospondin (49) , and platelet factor-4 (50) are examples of various other compounds that have been shown to inhibit angiogenesis and exert an antitumor effect. These molecules potentially can be used for the development of DNA vaccines for the control of tumors. In addition, DNA molecules may be easier to prepare and deliver than protein molecules and administration of DNA expressing these antiangiogenic agents may lead to persistent expression and release of these therapeutic proteins over a prolonged period of time, resulting in control of tumor growth. Thus, there is considerable enthusiasm for the application of DNA expressing inhibitors of angiogenesis for cancer treatment.
While the CRT/E7 DNA vaccine may hold promise for mass immunization, certain safety issues need to be resolved. There exists the concern that DNA may integrate into the host genome, although it is estimated that the frequency of such integration is much lower than that of spontaneous mutation and should not pose a significant risk (51) . Another issue is related to HPV-16 E7 protein, which is known to disrupt cell cycle regulation by binding to the tumor suppressor pRB in nuclei (52) . The oncogenicity of E7 can be eliminated by using mutated E7 that is unable to bind with pRB (53) but still maintains most of its antigenicity. Finally, there may be concerns about the generation of autoimmunity related to CRT (for review, see ref. 54 ). In our study, we performed pathological examination of the vital organs in CRT/E7-vaccinated mice. We did not observe abnormal inflammation or pathology (data not shown), indicating that CRT/E7 is a potent vaccine with minimal malevolent side effects.
In summary, our results indicate that fusion of CRT to HPV-16 E7 gene can generate an impressive antitumor effect against HPV-16 E7-expressing murine tumors through enhancement of E7-specific CD8 + T cell-mediated immune responses and antiangiogenesis. The fusion of CRT to an antigen gene is a promising approach to cancer therapy that potentially can be applied to other cancer systems with known tumor-specific antigens.
